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Synthesis of a phosphinate analogue of the
anti-tumour phosphate di-ester perifosine via
sequential radical processes†

Marios S. Markoulides and Andrew C. Regan*

An efficient synthesis of a phosphinate analogue of the anti-tumour phosphate di-ester perifosine is

described (6 steps and 50% overall yield). The two phosphorus–carbon bonds in the perifosine analogue

were prepared by sequential double radical hydrophosphinylation processes. This is the first example of a

phosphinate analogue of perifosine, designed to be resistant to hydrolysis by phospholipid-metabolizing

enzymes.

Introduction

Alkyl phospholipids were synthesized in the late 1960s as
metabolically stable analogues of lysophosphatidylcholine.1

Several of these synthetic analogues turned out to be potent
immune modulators, but surprisingly some of these lipids
also exhibited anti-tumour activities both in vitro and in vivo in
a rather selective way.2 In the late 1980s, Eibl and Unger ident-
ified miltefosine 1 as the minimal structural requirement for
the anti-tumour activity of synthetic analogues of phospholi-
pids (Fig. 1).3 Remarkably, in addition to their initial anti-
tumour action they have also been shown to be potentially
useful for other therapeutic indications, which make synthetic
analogues of phospholipids a fascinating family of compounds
with several potential biomedical applications.4

Since then, new classes of alkyl phospholipids with promis-
ing biological activities have been synthesized and amongst
these, the heterocyclic derivative perifosine 3 constitutes a
second generation derivative of miltefosine 1, with potent anti-
tumour activity (Fig. 1).5

Synthetic analogues of phospholipids display two impor-
tant advantages: (a) they target the plasma membrane rather
than directly interacting with cellular DNA, and (b) they reveal
a strong apoptosis-inducing ability.4b,6 Whereas malignant
cells are highly sensitive to the lethal action of synthetic phos-
pholipids, normal cells may remain relatively unaffected, illus-
trating the potentially selective anti-tumour properties of these
type of compounds.3

However, one disadvantage is that the presence of the phos-
phate diester group results in them being prone to biodegrada-
tion by phospholipid-metabolizing enzymes such as
phospholipases C7 and D.8 Replacement of both of the O–P
bonds of the phosphate diester in miltefosine 1 or perifosine 3
with two C–P bonds would result in phosphinate analogues 2
and 4, which should be resistant to hydrolysis by phospholi-
pid-metabolizing enzymes (Fig. 1).

We have recently reported the synthesis of phosphinate ana-
logues 2b–d of miltefosine 1, using a free-radical addition reac-
tion to form the first phosphorus–carbon bond, and the

Fig. 1 Structures of miltefosine 1, perifosine 3 and phosphinate analogues of
miltefosine 2 and perifosine 4.
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conjugate addition reaction of a silyl phosphonite to form the
second.9

During the synthesis of miltefosine analogues 2b–d, an
alternative approach to compound 2a was also examined,
involving two radical addition reactions, which had the attrac-
tion of requiring fewer steps overall. However the sequential
radical approach proved to be low yielding, and no improve-
ment was obtained upon modifying the conditions.9

In this paper we describe an efficient synthesis of the phos-
phinate analogue 4 of perifosine 3, involving two sequential
radical hydrophosphinylation reactions to construct both of
the carbon–phosphorus bonds. To the best of our knowledge,
the phosphinate function has never been used in the synthesis
of perifosine analogues, despite its close structural analogy.
We have also carried out further investigations into the
sequential radical approach to analogue 2a of miltefosine 1.

The retrosynthetic analysis of 4 is shown in Scheme 1. Dis-
connection of the first phosphorus–carbon bond suggested
that this might be formed by regioselective free-radical
addition of mono-alkylphosphinic ester 5 to the exo-methylene
piperidine derivative 6. Phosphinate 5 is then a common inter-
mediate for further analysis by two approaches, and our pre-
vious work on alkylation of trivalent silyl-phosphonite
derivatives10 suggested that one possibility for preparation of 5
would be by the Arbuzov-type alkylation of a silyl derivative of
hypophosphorous acid 8 with hexadecyl iodide 9.

An alternative approach to 4 envisioned the use of two
sequential radical hydrophosphinylation addition reactions,
where the carbon–phosphorus bond in intermediate 5 would
also be constructed using a free-radical addition, here invol-
ving reaction of hypophosphorous acid 8 with 1-hexadecene 7.

The formation of mono-substituted phosphinic acids by
free-radical addition of 8 or its salts to terminal alkenes has
been known for some time.11 Nifant’ev12 developed the reac-
tion using peroxide initiators; more recently AIBN has been
employed with either the acid 813 or its esters,14 and the use of
the combination of triethylborane and air is also effective.15

Changing the ratio of hypophosphorous acid 8 to the alkene
can be used to influence the formation of either mono-substi-
tuted or symmetrical disubstituted phosphinic acids.16

There are relatively few examples of the formation of the
second C–P bond in unsymmetrical disubstituted phosphinic
acids by radical addition of mono-substituted H-phosphinates
to alkenes.11,17 These reactions are often inefficient, probably
due to the higher P–H bond dissociation energy, and often
require a wastefully large excess of the alkene component.11

Phenyl H-phosphinates are more reactive than alkyl analo-
gues,17a perhaps because the phenyl group can stabilise the
adjacent phosphorus-centred radical.11

Nevertheless, there has been very little investigation of the
use of sequential radical addition reactions to two different
alkenes in order to form both phosphorus–carbon bonds in
unsymmetrical disubstituted phosphinic acids.18 In the area of
biological targets, there has been one report of this approach
being employed to prepare a precursor for a phosphinate ana-
logue of a dinucleotide.19

Results and discussion

As experienced in our previous work,9 attempts to alkylate bis
(trimethylsilyl)phosphonite (BTSP) 10 with hexadecyl iodide 9
were not successful using our Arbuzov-type alkylation protocol
(Scheme 2).10a In spite of extensive experimentation involving
different solvents, including DCM, diglyme, benzene, and
toluene, reaction without any solvent under neat conditions,
and also modification of the conditions (changing the ratio of
BTSP 10 to 9, and also temperature from room temperature to
reflux), there was no improvement in yields. Although in some
solvents (e.g. benzene or toluene) BTSP 10 was stable (thus
allowing for longer reaction times), this did not improve the
results. In more polar solvents (e.g. DCM) decomposition of
BTSP 10 was observed to occur much more readily.

Scheme 1 Retrosynthetic analyses of 4.

Scheme 2 Reagents and conditions: (a) hexadecyl iodide, CH2Cl2, 0 °C to
reflux, 2 days; (b) THF–H3O

+, 0 °C to rt, 2 hours; (c) methyl iodide (0.33 eq),
CH2Cl2, 0 °C, 2 hours, then rt, 12 hours; (d) THF–H3O

+, 0 °C to rt, 2 hours; (e)
terminal alkene, conc. H2SO4, AIBN or VAZO-88, EtOH, reflux, 1 day.
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The alkylation reaction was also repeated with greater
success using methyl iodide10a and three equivalents of BTSP
10 (Scheme 2), resulting in formation of monomethyl phosphi-
nic acid 12 in 82% yield together with a small amount of the
corresponding dimethyl phosphinic acid 13. It appears that
whereas alkylation of silyl phosphonite 10 with short-chain
alkyl bromides and iodides is successful,10a long-chain iodides
are problematic,10b even when reacted neat or in various sol-
vents, and at elevated temperatures.

Having confirmed that the Arbuzov-type approach was
unsuccessful, attention was then turned to free radical hydro-
phosphinylation reactions. Several long chain mono-alkyl
phosphinic acids 11,9 15, 17, 189 and 19 were conveniently pre-
pared in high yields by free radical addition of sodium hypo-
phosphite 14 to the appropriate terminal alkenes
(Scheme 2).9,13 Sodium hypophosphite 14 could be employed
in either anhydrous form or as the monohydrate (depending
on availability), and with essentially equivalent results.
Because of changes in commercial availability VAZO-88 was
sometimes used instead of AIBN as the radical initiator. In the
case where 1-decene was used as the alkene, a small quantity
(7%) of the corresponding disubstituted product 16 was also
formed, and it may be that this is a result of less steric hin-
drance in the second radical addition than with the longer
alkenes, where bis-addition was not observed.

Terminal alkenes with even numbers of carbon atoms were
utilised in Scheme 2 because of their greater availability and
lower cost. The consistently high yields obtained with alkenes
ranging from 16 to 20 carbon atoms suggest that radical hydro-
phosphinylation reactions of alkenes with an odd number of
carbons would be equally successful. It is not expected that
changing the lengths of such long alkyl chains by one carbon
atom would significantly alter the biological activities,1b

however odd-numbered alkyl groups could be investigated in
future work if desired.

In view of the very low yield (3%) obtained in our previous
report9 for the radical hydrophosphinylation reaction between
hexadecylphosphinic acid 11 and N,N-dimethylallylamine 22,
further investigation of this methodology was undertaken by
varying the phosphinate component between the acid forms
(11 and 19), sodium salt 20, and methyl esters (5 and 21). The
alkene component was also varied between the tertiary allyl
amine 22 and the corresponding quaternary ammonium salt
23 (Scheme 3).

Sodium hexadecylphosphinate 20 was prepared from the
acid 11 using sodium ethoxide. The coupling constant of the P–
H doublet in the 1H NMR spectrum of sodium hexadecylpho-
sphinate 20 was 486.5 Hz, reduced from the value found in hexa-
decylphosphinic acid 11, which was 539.7 Hz.9 The phosphorus
NMR signal at δ 37.96 for 119 was also moved upfield to δ 27.97
for 20, as would be expected for a hypophosphite salt.

The mono-alkyl phosphinic acids 11 and 19 were then con-
verted into their methyl esters 5 and 21 with trimethyl ortho-
formate.9,20 The 1H NMR spectrum of 5 displayed a new
doublet at δ 3.72 (3JP–H = 11.9 Hz) attributable to the methyl
ester group, and the signal for the corresponding carbon atom

also appeared in the 13C NMR spectrum as a doublet at δ 52.68
(2JC–P = 6.4 Hz). The 31P NMR spectrum displayed a signal at δ
42.10, downfield from the corresponding signal in the starting
material 11 (δ 37.96). For the longer chain alkylphosphinic
acids 11 (C-16),9 18 (C-18)9 and 19 (C-20), the doublet attribu-
table to the first carbon atom directly bonded to phosphorus
could not be observed in the 13C NMR spectra, probably
because it was hidden by other carbon signals of similar fre-
quency. In the case of methyl hexadecylphosphinate 5 this
doublet was separated and appeared at δ 28.47 (1JC–P =
92.7 Hz). Methyl icosylphosphinate 21 showed analogous spec-
troscopic data to 5.

Next, N,N,N-trimethylallylammonium iodide 23 was con-
veniently prepared in 97% yield by the reaction of N,N-
dimethylallylamine 22 with methyl iodide in diethyl ether at
room temperature.

Finally, for the preparation of the perifosine analogue 4, the
alkene precursor required for the second radical hydropho-
sphinylation reaction was the exo-methylene piperidine 6, and
this was prepared in 88% yield by a Wittig reaction on the
piperidinone 24 using dimsyl sodium as a base21 (Scheme 3).
The use of alternative conditions involving butyl lithium as a
base22 gave unsatisfactory results in our hands.

The second radical hydrophosphinylation addition reaction
was then investigated between the sodium phosphinate 20 and
the tertiary amine 22, the phosphinic acid 11 and the quatern-
ary ammonium salt 23, and the methyl phosphinate ester 5
with tertiary amine 22 (Scheme 4). However, all attempts to
form the disubstituted products 25, 2c and 27 proved to be
unsuccessful. Extensive repetition and variation of the pro-
cedures did not improve the results, and in all of the attempts
the starting materials were substantially recovered at the end
of the reaction.

However, much better results were obtained in the syn-
thesis of the perifosine analogue 4. The radical hydrophosphi-
nylation addition reaction between methyl
hexadecylphosphinate 5 and 1-methyl-4-methylene-piperidine
6 afforded the disubstituted phosphinate 26a in 73% yield

Scheme 3 Reagents and conditions: (a) NaH, EtOH, 0 °C, 20 minutes, then rt,
30 minutes; (b) trimethyl orthoformate, reflux, 3.5 days; (c) methyl iodide, Et2O,
rt, 3 hours; (d) NaH, dry DMSO, 75 °C, 45 minutes, then 0 °C, methyltriphenyl-
phosphonium bromide in dry DMSO, then rt, 10 minutes, then 24, rt,
30 minutes.
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(Scheme 4). Remarkably, only one equivalent of the alkene 6
was required in this reaction, in contrast to the large excesses
of alkenes often required for radical addition of mono-substi-
tuted H-phosphinates.11 This successful radical hydrophosphi-
nylation involving methyl ester 5 to give 26a differed markedly
from the very low-yielding radical addition of the correspond-
ing unprotected phosphinic acid 11 to tertiary amine 22,
which was reported in our previous work.9 The three unsuc-
cessful radical hydrophosphinylation reactions in Scheme 4
were also originally aimed at the synthesis of the miltefosine
analogues 2, and the failure of these reactions required us to
resort to our previously-developed methodology of conjugate
addition of silyl phosphonites in order complete that syn-
thesis.9 Here, the successful radical reaction of the exo-methyl-
ene-piperidine 6, in contrast to those of the mono-substituted
terminal alkenes 22 and 23, may be a result of alkene 6 being
a disubstituted terminal alkene, so that the intermediate
radical formed after the addition step is tertiary (and therefore
more stable than the secondary radicals which would be
formed from the mono-substituted terminal alkenes). An
additional factor may be that in the alkenes 22 and 23 the elec-
tronegative nitrogen atom is only two bonds away from the
radical centre formed during the addition step, whereas for
alkene 6 it is more remote, being three bonds removed.

The successful hydrophosphinylation reaction between 5
and 6 was repeated in a higher boiling alcohol in an attempt
to increase the yield. The only differences observed when
ethanol (EtOH) was used as the solvent were that the product
obtained was the corresponding transesterified ethyl ester 26b,
and in a slightly improved yield of 75%.

The synthesis of phosphinate analogue 4 of perifosine was
then completed as shown in Scheme 5. Quaternisation of the

tertiary amine 26a with excess methyl iodide in the presence of
anhydrous K2CO3 afforded the desired ammonium salt 28 in
95% yield. Finally, cleavage of the methyl ester group in 28 was
achieved by treatment with iodotrimethylsilane (TMSI)9,23 fol-
lowed by methanolysis, to afford the ammonium phosphinate
inner salt 4 in 93% yield.

The proton-decoupled 31P NMR spectrum of ester 28 dis-
played a signal at δ 57.06, whereas that of the zwitterion 4 dis-
played a signal which was shifted upfield to δ 52.85. Upon
addition of one drop of concentrated hydrochloric acid to the
same NMR tube containing 4 in CD3OD, the phosphorus
signal moved downfield from δ 52.85 to 58.06, corresponding
to protonation of P–O(−) to P–OH (see the ESI†). After the 31P
NMR spectroscopic study the hydrochloride salt of 4 was con-
verted back to the inner salt 4 by co-evaporation with MeOH,
followed by pumping under high vacuum.

Conclusions

In summary, an efficient synthetic strategy has been developed
for the synthesis of a phosphinate analogue 4 of the anti-
tumour agent perifosine 3, making use of two radical hydro-
phosphinylation steps to form both of the carbon–phosphorus
bonds. The second hydrophosphinylation in particular is
unusual in that it is efficient and does not employ an excess of
the alkene, which is important here because the alkene is a
functionalised synthetic intermediate. Overall, the synthesis of
the C16 alkyl phosphinate analogue 5 proceeded in six steps
and 50% overall yield. By suitable modification of the two
alkenes employed, further non-hydrolysable analogues may be
designed in order to investigate biological structure-activity
relationships.

Experimental section
General information

All reagents and solvents were purchased from commercial
sources and either used as supplied or purified using the
appropriate standard procedures.24 Column chromatography
was carried out using Merck silica gel 60H (40–60 nm,

Scheme 4 Reagents and conditions: (a) 22 (xs), MeOH, AIBN (xs), reflux, 6
days; (b) 23 (xs), EtOH, AIBN (xs), reflux, 6 days; (c) 6 (1 eq), AIBN (1.6 eq),
MeOH (for 26a) or EtOH (for 26b), reflux, 3 days.

Scheme 5 Reagents and conditions: (a) methyl iodide, anhydrous K2CO3,
MeOH–CHCl3, reflux, 1 day; (b) TMSI, CH2Cl2, rt, overnight; (c) MeOH, rt,
30 minutes.
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230–300 mesh). Thin-layer chromatography (TLC) was carried
out using glass, aluminum or plastic plates coated with Merck
HF254/366 silica gel. Visualisation was achieved by viewing
under a 254 nm ultraviolet (UV) light source and/or by immer-
sion in solutions of potassium permanganate (KMnO4), anisal-
dehyde, phosphomolybdic acid (PMA) or ninhydrin, followed
by heating. Electron impact/chemical ionisation (EI/CI) mass
spectra were recorded on a Micromass Trio 2000 spectrometer.
Electrospray (ES±) mass spectra were recorded on a Micromass
Platform II spectrometer. High resolution mass spectra were
recorded on a Thermo Finnigan MAT95XP spectrometer. Infra-
red (IR) spectra were recorded either on a PerkinElmer FT-IR
RX1 as evaporated films (from deuteriochloroform CDCl3 or
dichloromethane DCM) on sodium chloride (NaCl) plates or
on a PerkinElmer FT-IR ATIR BX spectrometer, and bands are
quoted in cm−1. NMR spectra were recorded using deuterated
chloroform (CDCl3) as solvent unless otherwise stated. 1H
NMR spectra were recorded either on a Bruker Avance II+ 500
(500 MHz), Bruker Avance III 400 (400 MHz), Varian INOVA
Unity 300 (300 MHz) or on a Bruker Avance 200 (200 MHz)
spectrometer. Residual non-deuterated solvent was used as the
internal standard. Chemical shifts (δH) are quoted in parts per
million (ppm) downfield from tetramethylsilane (TMS). 13C
NMR spectra were recorded either on a Bruker Avance II+ 500
at 125 MHz, Bruker Avance III 400 at 100 MHz or on a Varian
INOVA Unity 300 at 75 MHz spectrometer, using a carbon
signal of the solvent as the internal standard. Chemical shifts
(δC) are quoted in parts per million (ppm) downfield from tet-
ramethylsilane (TMS). 31P NMR spectra were recorded either
on a Bruker Avance III 400 at 162 MHz or on a Bruker Avance
200 spectrometer at 81 MHz. Chemical shifts for phosphorus
(δP) are reported in parts per million (ppm) on the δ scale rela-
tive to phosphoric acid as the external standard. Peak assign-
ments were aided by 1H–1H COSY, 1H–13C HMQC, 1H–13C
HMBC, DEPT-135 and/or DEPT-90, whenever necessary. The
resonance multiplicity patterns are described as singlet (s),
broad singlet (br s), doublet (d), triplet (t), quartet (q), quintet
(quin.), multiplet (m), or combinations of these. Coupling con-
stants (J) are quoted in hertz (Hz). Microanalyses were carried
out by the staff of the Microanalytical Laboratory at the School
of Chemistry, University of Manchester. Reagents: Copper
stabilisers were removed from methyl iodide (MeI) and tri-
methylsilyl iodide (TMSI) prior to use. 1-Adamantanamine was
purified by dissolving it in diethyl ether (Et2O) and washing
the organic layer (three times) with a dilute solution of sodium
hydroxide (1 M NaOH). The organic layer was then dried over
anhydrous sodium sulfate (anh. Na2SO4), and concentrated
under reduced pressure to give the compound as a bright
white powder. Melting points (mp) were determined either on
a Stuart Scientific SMP10 apparatus or on a Reichert (Shandon
Scientific) hot stage microscope, and were uncorrected.

METHYLPHOSPHINIC ACID (12). Methyl iodide (0.14 cm3, 0.32 g,
2.26 mmol) was injected into a two-neck round-bottomed flask
containing a cooled solution (0 °C) of bis(trimethylsilyl) phos-
phonite (BTSP) 109 (1.43 g, 6.78 mmol) in dry dichloro-
methane (10 cm3), under an atmosphere of dry nitrogen. The

system was stirred at 0 °C for two hours followed by stirring
overnight at room temperature. The reaction was filtered and
the solvent evaporated under reduced pressure. The residue
was cooled to 0 °C and tetrahydrofuran–water (1 : 1, 3 cm3),
acidified with a few drops of concentrated HCl, were added
and the solution was stirred for two hours at room tempera-
ture. The solvent was removed under reduced pressure and the
crude material was washed with hot hexane to afford the
product 12 as a yellow oil (0.15 g, 82%). The compound was
not purified further. 1H NMR (300 MHz, CDCl3): δH 12.22 (1H,
br s, OH), 7.34 (1H, dq, 1JP–H = 562.4 Hz, 3JH–H = 2.2 Hz,
CH3PH), 1.65 (3H, dd, 2JP–H = 15.2 Hz, 3JH–H = 2.3 Hz, CH3PH).
13C NMR (75 MHz, CDCl3): δC 15.58 (d, 1JC–P = 94.4 Hz,
CH3PH). 31P NMR (162 MHz, CDCl3): δP 34.36 (CH3PH).

DIMETHYLPHOSPHINIC ACID (13). The compound 13 was obtained
during the procedure described above for 12: the combined
hexane washes of 12 were concentrated under reduced
pressure to give 13 as a white solid which was purified by the
following methods: (a) via the adamantanamine derivative:9 1-
adamantanamine (10.60 mg, 70.17 μmol) and crude dimethyl-
phosphinic acid 13 (6.00 mg, 63.80 μmol) were used. The
white solid obtained washed with ethyl acetate to give
dimethylphosphinate adamantan-1-yl-ammonium salt (ada-
mantanamine derivative of 13) as a bright white powder
(15.30 mg, 6.24 μmol). The acid was not regenerated due to its
water solubility; (b) recrystallization of the white solid
(5.00 mg) from ethyl acetate–hexane afforded the product 13 as
bright white needles (4.50 mg). From the two purification
methods described, the product 13 was obtained as a bright
white powder (as the adamantanamine derivate), and as bright
white needles (as the free phosphinic acid) (10.40 mg, 10%).
mp 83–85 °C (from EtOAc–hexane). Rf = 0.47 (9 : 2.5 : 0.05,
CHCl3–MeOH–TFA, stain: PMA). HRMS (ESI−): calculated for
C2H6O2P [M − H]− requires 93.0111; found: 93.0113. IR, νmax

(NaCl, evap. film)/cm−1: 2984 (m, CH3), 2626 (br, PO–H), 1429
(w, CH3), 1306 (w, CH3), 1149 (m, PvO), 1062 (br, P–OH), 877
(w, P–O), 646 (w, P–C). 1H NMR (400 MHz, CDCl3): δH 11.25
(1H, br s, OH), 1.22 (6H, d, 2JP–H = 14.4 Hz, CH3PCH3).

13C
NMR (100 MHz, CDCl3): δC 16.42 (d, 1JC–P = 96.0 Hz,
CH3PCH3).

31P NMR (162 MHz, CDCl3): δP 52.42 (CH3PCH3).
MS (ESI−), m/z (rel. intensity %): 93 (M − H−, 30%).

DIMETHYLPHOSPHINATE ADAMANTAN-1-YL-AMMONIUM SALT (ADAMANTANA-

MINE DERIVATIVE OF 13). mp 181 °C (dec.). Elem. Anal. (%): calcu-
lated for C12H24NO2P requires C, 58.76; H, 9.86; N, 5.71; P,
12.63%; found: C, 58.96; H, 9.85; N, 5.67; P, 12.40%. IR, νmax

(NaCl, evap. film)/cm−1: 2972 (w, C–H), 2907 and 2847 (m, C–
H), 1624 and 1559 (w, +NH3), 1456 (w, C–H), 1367 (w, C–H),
1281 (w, C–H), 1148 (s, PvO), 1127 (s, C–N), 1039 (s, P–O), 843
(m, P–O), 725 (w, CH2), 645 (w, P–C). 1H NMR (400 MHz,
CD3OD): δH 2.07 (3H, br s, 3 × CH), 1.79 (6H, d, J = 2.3 Hz, 6 ×
CH), 1.70 (3H, d, J = 12.7 Hz, 3 × CH), 1.62 (3H, d, J = 12.1 Hz,
3 × CH), 1.14 (6H, d, 2JP–H = 13.6 Hz, CH3PCH3).

13C NMR
(100 MHz, CD3OD): δC 52.65 (C–N), 41.58 (CH2), 36.52 (CH2),
30.46 (CH), 18.47 (d, 1JC–P = 93.8 Hz, CH3PCH3).

31P NMR
(162 MHz, CD3OD, proton-coupled): δP 36.66 (sp, 2JP–H =
13.7 Hz, CH3PCH3).
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DECYLPHOSPHINIC ACID (15). The product 15 was prepared
according to the literature procedure9 with the following modi-
fications: sodium hypophosphite monohydrate
(NaH2PO2·H2O) (80.00 g, 0.75 mol), concentrated sulfuric acid
(22.10 cm3, 40.72 g, 0.42 mol), 1-decene (57.20 cm3, 42.35 g,
0.30 mol) and 2,2′-azobis(isobutyronitrile) (AIBN) (total of all
portions: 8.85 g, 53.91 mmol) were used. Before purification of
15, the side-product didecylphosphinic acid 16 was removed
by recrystallization from ethanol–water (EtOH–H2O). The fil-
trate was then concentrated under reduced pressure to give a
yellowish solid which was purified as described above for 13,
with the following modifications: (a) 1-adamantanamine
(1.44 g, 9.55 mmol) and crude decylphosphinic acid 15 (1.79 g,
8.68 mmol) were used. The white solid obtained was purified
by recrystallization from tetrahydrofuran–ethyl acetate to give
decylphosphinate adamantan-1-yl-ammonium salt (adamanta-
namine derivative of 15) (2.95 g, 8.25 mmol). Regeneration of
the acid afforded the product 15 as a bright white powder
(1.67 g); (b) recrystallization of the yellowish solid (55.71 g)
from acetonitrile afforded the product 17 as a bright white
powder (54.30 g). From the two purification methods
described, the product 15 was obtained as a bright white
powder (55.97 g, 90%). mp 24–25 °C (from acetonitrile). HRMS
(ESI−): calculated for C10H22O2P [M − H]− requires 205.1363;
found: 205.1366. Elem. Anal. (%): calculated for C10H23O2P
requires C, 58.23; H, 11.24; P, 15.02%; found: C, 58.49; H,
11.37; P, 15.28%. IR, νmax (ATIR)/cm−1: 2952 (w, C–H), 2916
(m, C–H), 2846 (m, C–H), 2650 (br, PO–H), 2419 (w, P–H), 1459
(m, C–H), 1292 (w, C–H), 1166 (m, PvO), 1079 and 1051 (m,
P–OH), 973 and 946 (s, P–H), 721 (m, CH2), 675 (w, P–C). 1H
NMR (400 MHz, CDCl3): δH 12.23 (1H, br s, OH), 7.1 (1H, dt,
1JP–H = 539.5 Hz, 3JH–H = 1.8 Hz, PH), 1.78–1.70 (2H, m, PCH2),
1.63–1.52 (2H, m, PCH2CH2), 1.38 (2H, quin., J = 6.6 Hz,
PCH2CH2CH2), 1.25 (12H, br s, 6 × CH2), 0.87 (3H, t, J = 7.1 Hz,
CH3).

13C NMR (100 MHz, CDCl3): δC 31.88, 30.43 (d, 3JC–P =
16.0 Hz, PCH2CH2CH2), 29.54, 29.36, 29.30, 29.24 (d, 1JC–P =
93.7 Hz, PCH2), 29.15, 22.68, 20.68 (d, 2JC–P = 2.9 Hz,
PCH2CH2CH2), 14.10 (CH3).

31P NMR (162 MHz, CDCl3,
proton-coupled): δP 37.29 (d quin., 1JP–H = 538.0 Hz, 2JP–H =
3JP–H = 28.4 Hz, CH2CH2PH). MS (ESI−), m/z (rel. intensity %):
205 (M − H−, 100%).

DECYLPHOSPHINATE ADAMANTAN-1-YL-AMMONIUM SALT (ADAMANTANAMINE

DERIVATIVE OF 15). mp 139–141 °C (from THF–EtOAc). HRMS
(ESI−): calculated for C10H22O2P [M]− requires 205.1363;
found: 205.1373. HRMS (ESI+): calculated for C10H18N [M]+

requires 152.1434; found: 152.1445. Elem. Anal. (%): calcu-
lated for C20H40NO2P requires C, 67.19; H, 11.28; N, 3.92; P,
8.66%; found: C, 67.25; H, 11.33; N, 3.92; P, 8.93%. IR, νmax

(ATIR)/cm−1: 2917 (m, C–H), 2850 (m, C–H), 2282 (w, P–H),
1644 and 1626 (br, NH3

+), 1550 (m, NH3
+), 1470 (m, C–H),

1456 and 1401 (w, C–H), 1365 (m, C–H), 1311 (w, C–H), 1153
(s, PvO), 1126 (w, C–N), 1039 (s, P–O−), 990 (w, P–H), 720 (w,
CH2), 690 (w, P–C). 1H NMR (400 MHz, CDCl3): δH 8.83 (3H, br
s, NH3), 7.1 (1H, d, 1JP–H = 479.2 Hz, PH), 2.11 (3H, br s), 1.94
(6H, br s), 1.66 (6H, br s), 1.52 (4H, br s), 1.35 (2H, br s), 1.24
(12H, br s), 0.87 (3H, t, J = 7.1 Hz, CH3).

13C NMR (100 MHz,

CDCl3): δC 50.60 (CNH3), 40.63, 35.78, 33.22 (d, 1JC–P = 90.8 Hz,
PCH2), 31.90, 31.05 (d, 3JC–P = 16.0 Hz, PCH2CH2CH2), 29.64,
29.52, 29.47, 29.33, 29.02, 22.84 (d, 2JC–P = 1.4 Hz, PCH2CH2),
22.68, 14.11 (CH3).

31P NMR (162 MHz, CDCl3): δP 25.56
(CH2PH). MS (ESI−), m/z (rel. intensity %): 205 (M−, 100%). MS
(ESI+), m/z (rel. intensity %): 152 (M+, 100%).

DIDECYLPHOSPHINIC ACID (16). The compound 16 was isolated
as a side-product during the procedure described above for 15:
purification of 16 (3.50 g, 10.10 mmol) was carried out accord-
ing to the procedure described above for 13, with the following
modifications: (a) 1-adamantanamine (36.60 mg, 0.24 mmol)
dissolved in acetone (1 cm3) and crude didecylphosphinic acid
16 (82.30 mg, 0.24 mmol) dissolved in acetone (1 cm3) were
used. The white solid obtained was purified by recrystallization
from ethyl acetate–acetone to give didecylphosphinate ada-
mantan-1-yl-ammonium salt (adamantanamine derivative of
16) as a bright white powder (75.30 mg, 0.15 mmol). Regener-
ation of the acid afforded the product 16 as a bright white
powder (49.00 mg); (b) second recrystallization of the solid
(3.42 g) from ethanol–water (EtOH–H2O) afforded the product
18 as bright white needles (3.35 g). From the two purification
methods described, the product 16 was obtained as a bright
white powder, and bright white needles (3.40 g, 7%). mp
81–83 °C (from EtOH–H2O). HRMS (ESI+): calculated for
C20H43O2NaP [M + Na]+ requires 369.2893; found: 369.2906.

Elem. Anal. (%): calculated for C20H43O2P requires C, 69.32;
H, 12.51; P, 8.94%; found: C, 68.96; H, 12.54; P, 8.77%. IR,
νmax (NaCl, evap. film)/cm−1: 2951 (m, C–H), 2915 (s, C–H),
2848 (s, C–H), 2600 (br, PO–H), 1470 (m, C–H), 1290 (w, C–H),
1137 (m, PvO), 995 (w, P–OH), 719 (m, CH2).

1H NMR
(400 MHz, CDCl3): δH 11.11 (1H, br s, OH), 1.71–1.54 (8H, m,
CH2CH2PCH2CH2), 1.37 (4H, quin., J = 7.5 Hz,
CH2CH2CH2PCH2CH2CH2), 1.26 (24H, br s, 12 × CH2), 0.88
(6H, t, J = 7.0 Hz, 2 × CH3).

13C NMR (100 MHz, CDCl3): δC
31.92, 30.94 (d, 3JC–P = 15.3 Hz, PCH2CH2CH2), 29.62, 29.49,
29.34, 29.23, 28.95 (d, 1JC–P = 91.6 Hz, PCH2), 22.70, 21.60 (d,
2JC–P = 3.6 Hz, PCH2CH2CH2), 14.13 (CH3).

31P NMR (162 MHz,
CDCl3): δP 59.51 (CH2PCH2). MS (ESI−), m/z (rel. intensity %):
345 (M − H−, 100%).

DIDECYLPHOSPHINATE ADAMANTAN-1-YL-AMMONIUM SALT (ADAMANTANA-

MINE DERIVATIVE OF 16). mp 105–106 °C (from EtOAc–acetone).
IR, νmax (NaCl, evap. film)/cm−1: 2918 (s, C–H), 2853 (s, C–H),
2018 (w, NH3

+), 1621 (m, NH3
+), 1559 (m, NH3

+), 1456 (m,
C–H), 1408 (w, C–H), 1367 (m, C–H), 1314 (w, C–H), 1142 (s,
PvO), 1121 (s, C–N), 1033 (s, P–O−), 734 (m, CH2), 645 (w,
P–C). 1H NMR (400 MHz, CDCl3): δH 8.10 (3H, br s, NH3), 2.02
(3H, br s), 1.87 (6H, br s), 1.60 (6H, br s), 1.44 (8H, br s), 1.18
(28H, br s), 0.81 (6H, t, J = 7.0 Hz, CH3).

13C NMR (100 MHz,
CDCl3): δC 50.26 (CNH3), 41.11, 35.88, 31.94, 31.56 (d, 3JC–P =
15.2 Hz, PCH2CH2CH2), 30.71 (d, 1JC–P = 88.6 Hz, PCH2), 29.71,
29.63, 29.57, 29.38, 29.15, 24.13, 22.71, 14.13 (CH3).

31P NMR
(162 MHz, CDCl3): δP 41.76 (CH2PCH2).

TETRADECYLPHOSPHINIC ACID (17). The product 17 was prepared
according to the procedure described above for 15, with the
following modifications: sodium hypophosphite monohydrate
(NaH2PO2·H2O) (124.84 g, 1.18 mol), concentrated sulfuric
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acid (conc. H2SO4) (34.50 cm3, 63.54 g, 0.65 mol), 1-tetrade-
cene (0.10 dm3, 77.10 g, 0.39 mol) and 2,2′-azobis(isobutyroni-
trile) (AIBN) (total of all portions: 13.84 g, 84.29 mmol) were
used. Purification of 17 was carried out according to the pro-
cedure described above for 13, with the following modifi-
cations: (a) 1-adamantanamine (64.00 mg, 0.42 mmol) and
crude tetradecylphosphinic acid 19 (108.80 mg, 0.41 mmol)
were used. The white solid obtained was purified by recrystalli-
zation from tetrahydrofuran–ethyl acetate (THF–EtOAc) to give
tetradecylphosphinate adamantan-1-yl-ammonium salt (ada-
mantanamine derivative of 17) (161.20 mg, 0.39 mmol) as a
bright white powder. Regeneration of the acid afforded the
product 17 as a bright white powder (95.00 mg); (b) recrystalli-
zation of the yellowish solid (99.89 g) from hexane afforded the
product 17 as a bright white powder (95.80 g). From the two
purification methods described, the product 17 was obtained
as a bright white powder (95.90 g, 93%). mp 52–53 °C (from
hexane). HRMS (ESI−): calculated for C14H30O2P [M − H]−

requires 261.1989; found: 261.1998. Elem. Anal. (%): calcu-
lated for C14H31O2P requires C, 64.09; H, 11.91; P, 11.81%;
found: C, 64.31; H, 11.94; P, 11.64%. IR, νmax (ATIR)/cm−1:
2954 (w, C–H), 2915 and 2847 (m, C–H), 2590 (br, PO–H), 2361
(w, P–H), 1468 (m, C–H), 1399, 1308, 1285, 1260, 1236 and
1215 (w, C–H), 1154 (m, PvO), 1075 and 1037 (m, P–OH), 975
and 959 (m, P–H), 720 and 709 (m, CH2).

1H NMR (400 MHz,
CDCl3): δH 10.37 (1H, br s, OH), 7.1 (1H, dt, 1JP–H = 540.3 Hz,
3JH–H = 1.7 Hz, PH), 1.80–1.72 (2H, m, PCH2), 1.65–1.54 (2H,
m, PCH2CH2), 1.40 (2H, quin., J = 6.8 Hz, PCH2CH2CH2), 1.26
(20H, br s, 10 × CH2), 0.89 (3H, t, J = 7.1 Hz, CH3).

13C NMR
(100 MHz, CDCl3): δC 31.95, 30.44 (d, 3JC–P = 16.0 Hz,
PCH2CH2CH2), 29.71, 29.69, 29.67, 29.65, 29.61, 29.38, 29.26
(d, 1JC–P = 93.7 Hz, PCH2), 29.16, 22.71, 20.63 (d, 2JC–P = 2.9 Hz,
PCH2CH2CH2), 14.14 (CH3).

31P NMR (162 MHz, CDCl3,
proton-coupled): δP 38.11 (d quin., 1JP–H = 539.9 Hz, 2JP–H =
3JP–H = 27.4 Hz, CH2CH2PH). MS (ESI−), m/z (rel. intensity %):
261 (M − H−, 100%).

TETRADECYLPHOSPHINATE ADAMANTAN-1-YL-AMMONIUM SALT (ADAMANTA-

NAMINE DERIVATIVE OF 17). mp 152–153 °C (from THF–EtOAc). IR,
νmax (NaCl, evap. film)/cm−1: 2913 (s, C–H), 2847 (s, C–H),
2284 and 2249 (m, P–H), 2065 (w, NH3

+), 1639 and 1621 (m,
NH3

+), 1547 (m, NH3
+), 1471 (m, C–H), 1453 (m, C–H), 1400 (w,

C–H), 1367 (m, C–H), 1349 (w, C–H), 1311 (w, C–H), 1281, 1257
and 1234 (w, C–H), 1207 (m, C–H), 1154 (s, PvO), 1127 (m,
C–N), 1042 (s, P–O−), 976 (m, P–H), 719 (m, CH2), 690 (m,
P–C). 1H NMR (400 MHz, CDCl3): δH 8.78 (3H, br s, NH3), 7.0
(1H, d, 1JP–H = 478.7 Hz, PH), 2.04 (3H, br s), 1.88 (6H, br s),
1.60 (6H, br s), 1.46 (4H, br s), 1.29 (2H, br s), 1.17 (20H, br s),
0.81 (3H, t, J = 7.1 Hz, CH3).

13C NMR (100 MHz, CDCl3): δC
50.57 (CNH3), 40.63, 35.79, 33.27 (d, 1JC–P = 90.8 Hz, PCH2),
31.95, 31.07 (d, 3JC–P = 16.0 Hz, PCH2CH2CH2), 29.72, 29.69,
29.67, 29.54, 29.49, 29.39, 29.02, 22.88, 22.71, 14.14 (CH3).

31P
NMR (162 MHz, CDCl3): δP 25.47 (CH2PH).

ICOSYLPHOSPHINIC ACID (19). The product 19 was prepared
according to the procedure described above for 15, with the
following modifications: anhydrous sodium hypophosphite
(anh. NaH2PO2) (47.04 g, 0.53 mol), concentrated sulfuric acid

(conc. H2SO4) (15.70 cm3, 28.84 g, 0.29 mol), 1-icosene
(50.00 g, 0.18 mol) and 1,1′-azobis(cyclohexanecarbonitrile)
(VAZO-88) (total of all portions: 11.00 g, 45.02 mmol) were
used. Purification of 19 was carried out according to the pro-
cedure described above for 13, with the following modifi-
cations: (a) 1-adamantanamine (50.80 mg, 0.34 mmol) and
crude icosylphosphinic acid 19 (114.20 mg, 0.33 mmol) were
used. The white solid obtained was not recrystallized, but was
washed with hot ethyl acetate to give icosylphosphinate ada-
mantan-1-yl-ammonium salt (adamantanamine derivative of
19) (0.16 g, 0.31 mmol) as a bright white soft solid. Regener-
ation of the acid afforded the product 19 as a bright white
powder (0.11 g); (b) recrystallization of the yellowish solid
(57.89 g) from hexane afforded the product 19 as a bright
white fine powder (56.10 g). From the two purification
methods described, the product 19 was obtained as a bright
white fine powder (56.21 g, 91%). mp 72–73 °C (from hexane).
HRMS (ESI−): calculated for C20H42O2P [M − H]− requires
345.2928; found: 345.2946. Elem. Anal. (%): calculated for
C20H43O2P requires C, 69.32; H, 12.51; P, 8.94%; found: C,
69.36; H, 12.32; P, 9.24%. IR, νmax (ATIR)/cm−1: 2968, 2927,
2873, 1458 and 1371 (m, C–H), 1269 and 1197 (w, C–H), 1154
(w, PvO), 1086 and 1047 (s, P–OH), 945 (w, P–H), 736 (m,
CH2), 699 (m, P–C). 1H NMR (500 MHz, CDCl3): δH 10.73 (1H,
br s, OH), 7.1 (1H, dt, 1JP–H = 540.4 Hz, 3JH–H = 1.9 Hz, PH),
1.80–1.73 (2H, m, PCH2), 1.65–1.56 (2H, m, PCH2CH2), 1.41
(2H, quin., J = 7.0 Hz, PCH2CH2CH2), 1.27 (32H, br s, 16 ×
CH2), 0.90 (3H, t, J = 6.9 Hz, CH3).

13C NMR (125 MHz, CDCl3):
δC 31.95, 30.44 (d, 3JC–P = 16.4 Hz, PCH2CH2CH2), 29.72, 29.70,
29.68, 29.66, 29.61, 29.38, 29.16, 28.96, 22.71, 20.59 (d, 2JC–P =
3.7 Hz, PCH2CH2CH2), 14.13 (CH3).

31P NMR (162 MHz,
CDCl3, proton-coupled): δP 38.39 (d quin., 1JP–H = 539.9 Hz,
2JP–H = 3JP–H = 27.4 Hz, CH2CH2PH). MS (ESI−), m/z (rel. inten-
sity %): 345 (M − H−, 100%).

ICOSYLPHOSPHINATE ADAMANTAN-1-YL-AMMONIUM SALT (ADAMANTANAMINE

DERIVATIVE OF 19). mp 148–149 °C. Elem. Anal. (%): calculated
for C30H60NO2P requires C, 72.39; H, 12.15; N, 2.81; P, 6.22%;
found: C, 72.27; H, 12.11; N, 2.70; P, 6.40%. IR, νmax (NaCl,
evap. film)/cm−1: 2921 (br, NH3

+), 2919 and 2849 (s, C–H),
2286 and 2249 (m, P–H), 1638 (w, NH3

+), 1548 (m, NH3
+), 1470

and 1457 (m, C–H), 1400 (w, C–H), 1365 (m, C–H), 1350, 1310,
1277, 1265, 1250, 1233 and 1216 (w, C–H), 1154 (s, PvO), 1127
(w, C–N), 1040 (s, P–O−), 985 (w, P–H), 720 (w, CH2), 690 (w,
P–C). 1H NMR (400 MHz, CDCl3): δH 8.82 (3H, br s, NH3), 7.0
(1H, d, 1JP–H = 479.5 Hz, PH), 2.04 (3H, br s), 1.88 (6H, br s),
1.60 (6H, br s), 1.46 (4H, br s), 1.29 (2H, br s), 1.18 (32H, br s),
0.81 (3H, t, J = 7.1 Hz, CH3).

13C NMR (75 MHz, CDCl3): δC
50.48 (CNH3), 40.53, 35.81, 33.23 (d, 1JC–P = 90.4 Hz, PCH2),
31.95, 31.09 (d, 3JC–P = 15.8 Hz, PCH2CH2CH2), 29.74, 29.69,
29.56, 29.51, 29.39, 29.02, 22.84, 22.71, 14.14 (CH3).

31P NMR
(162 MHz, CDCl3): δP 25.69 (CH2PH).

SODIUM HEXADECYLPHOSPHINATE (20). Ethanol (30 cm3) was
cooled to 0 °C under an atmosphere of dry nitrogen with stir-
ring, and sodium hydride (0.14 g, 3.62 mmol, 60 wt% in
mineral oil) was slowly added over 20 minutes. A solution of
hexadecylphosphinic acid 11 (1.00 g, 3.44 mmol) in ethanol
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(30 cm3) was then injected slowly and the reaction mixture left
stirring for 30 minutes at room temperature. Removal of the
solvent under reduced pressure gave a white solid which was
purified by recrystallization from methanol–tetrahydrofuran to
afford the product 20 as a bright white powder (1.03 g, 96%).
mp 161–162 °C (from MeOH–THF). HRMS (ESI+): calculated
for C16H34O2Na2P [M + Na]+ requires 335.2086; found:
335.2090. IR, νmax (ATIR)/cm

−1: 2973 (s, C–H), 2886 and 1415
(m, C–H), 1335, 1322 and 1274 (w, C–H), 1192 (w, PvO), 1086
and 1049 (s, P–O), 879 (m, P–H), 721 (w, CH2), 680 (w, P–H).
1H NMR (400 MHz, CD3OD): δH 6.98 (1H, d, 1JP–H = 486.5 Hz,
PH), 1.57–1.37 (6H, m, 3 × CH2), 1.30 (24H, br s, 12 × CH2),
0.91 (3H, t, J = 7.0 Hz, CH3).

13C NMR (100 MHz, CD3OD): δC
34.22, 33.32, 33.14, 32.18 (d, 3JC–P = 16.0 Hz, CH2CH2CH2P),
30.86, 30.84, 30.69, 30.56, 30.54, 23.80, 23.12 (d, 2JC–P = 2.2 Hz,
CH2CH2CH2P), 14.53 (CH3).

31P NMR (162 MHz, CD3OD,
proton-decoupled): δP 27.95 (CH2PH). MS (ESI+), m/z (rel.
intensity %): 335 (M + Na+, 100%).

METHYL HEXADECYLPHOSPHINATE (5). Trimethyl orthoformate
(180.80 cm3, 175.39 g, 1.65 mol) was injected into a round-bot-
tomed flask containing hexadecylphosphinic acid 11 (12.00 g,
41.32 mmol), under a dry nitrogen atmosphere. The reaction
mixture was refluxed and monitored by means of 1H and 31P
NMR spectroscopy. After 3.5 days, when all of starting material
had been consumed, the reaction mixture was allowed to cool
at room temperature. Removal of solvent under reduced
pressure gave a yellowish solid which was purified by column
chromatography on silica gel (9.5 : 0.5, CHCl3–MeOH, stain:
PMA) to afford the product 5 as a white solid (12.14 g, 97%).
mp 41–43 °C. Rf = 0.44 (9.5 : 0.5, CHCl3–MeOH, stain: PMA).
HRMS (ESI+): calculated for C17H41O2NP [M + NH4

+]+ requires
322.2869; found: 322.2869. IR, νmax (NaCl, evap. film)/cm−1:
2949 (w, C–H), 2917, 2849 and 1467 (m, C–H), 1234 (w, C–H),
1217 (w, P–OC), 1194 (w, PvO), 1035 (w, P–O–C), 951 (w, P–H),
722 (w, CH2).

1H NMR (400 MHz, CDCl3): δH 6.98 (1H, dt, 1JP–H
= 527.9 Hz, 3JH–H = 2.0 Hz, PH), 3.72 (3H, d, 3JP–H = 11.9 Hz,
POCH3), 1.75–1.67 (2H, m, CH2P), 1.57–1.47 (2H, m,
CH2CH2P), 1.32 (2H, quin., J = 6.8 Hz, CH2CH2CH2P), 1.18
(24H, br s, 12 × CH2), 0.81 (3H, t, J = 6.8 Hz, CH3).

13C NMR
(125 MHz, CDCl3): δC 52.68 (d, 2JC–P = 6.4 Hz, POCH3), 31.90,
30.42 (d, 3JC–P = 15.5 Hz, CH2CH2CH2P), 29.66, 29.64, 29.59,
29.54, 29.35, 29.29, 29.08, 28.47 (d, 1JC–P = 92.7 Hz,
CH2CH2CH2P), 22.67, 20.63 (d, 2JC–P = 1.8 Hz, CH2CH2CH2P),
14.10 (CH3).

31P NMR (162 MHz, CDCl3, proton-coupled): δP
42.10 (dm, 1JP–H = 528.2 Hz, CH2PH). MS (ESI+), m/z (rel. inten-
sity %): 322 (M + NH4

+, 100%).
METHYL ICOSYLPHOSPHINATE (21). The product 21 was prepared

according to the procedure described above for 5, with the fol-
lowing modifications: trimethyl orthoformate (118.50 cm3,
114.90 g, 1.08 mol) and icosylphosphinic acid 19 (9.38 g,
27.07 mmol) were used. The crude solid obtained was purified
by column chromatography on silica gel (9.5 : 0.5, CHCl3–
MeOH, stain: PMA) to afford the product 21 as a white solid
(9.47 g, 97%). mp 56–58 °C.

Rf = 0.44 (9.5 : 0.5, CHCl3–MeOH, stain: PMA). HRMS
(ESI+): calculated for C21H45O2NaP [M + Na+]+ requires

383.3049; found: 383.3054. IR, νmax (NaCl, evap. film)/cm−1:
2935 (m, C–H), 2917 and 2850 (s, C–H), 2346 (w, P–H), 1467
and 1236 (m, C–H), 1208 (m, P–OC), 1175 (w, PvO), 1037 (m,
P–O–C), 954 (m, P–H), 802 and 789 (w, P–O–C), 721 (w, CH2).
1H NMR (400 MHz, CDCl3): δH 6.72 (1H, dt, 1JP–H = 528.1 Hz,
3JH–H = 1.8 Hz, PH), 3.46 (3H, d, 3JP–H = 11.6 Hz, POCH3),
1.49–1.41 (2H, m, CH2P), 1.32–1.21 (2H, m, CH2CH2P), 1.07
(2H, quin., J = 7.0 Hz, CH2CH2CH2P), 0.93 (32H, br s, 16 ×
CH2), 0.55 (3H, t, J = 7.0 Hz, CH3).

13C NMR (100 MHz, CDCl3):
δC 52.64 (d, 2JC–P = 6.5 Hz, POCH3), 31.88, 30.38 (d, 3JC–P = 16.0
Hz, CH2CH2CH2P), 29.66, 29.64, 29.62, 29.57, 29.51, 29.33,
29.27, 29.06, 28.45 (d, 1JC–P = 93.0 Hz, CH2CH2CH2P), 22.63,
20.60 (d, 2JC–P = 2.9 Hz, CH2CH2CH2P), 14.05 (CH3).

31P NMR
(162 MHz, CDCl3, proton-coupled): δP 41.94 (dm, 1JP–H = 528.1
Hz, CH2PH). MS (ESI+), m/z (rel. intensity %): 361 (M + H+,
60%), 383 (M + Na+, 100%).

N,N,N-TRIMETHYLALLYLAMMONIUM IODIDE (23). Methyl iodide
(10.51 cm3, 23.97 g, 0.17 mol) was added dropwise into a
stirred solution of N,N-dimethylallylamine 22 (2.00 cm3,
1.44 g, 16.89 mmol) in diethyl ether (40 cm3), at room temp-
erature. After addition the mixture was stirred for three hours
at room temperature, under an atmosphere of dry nitrogen.
The reaction mixture was then filtered under suction on a
Buchner funnel to give a white solid which was purified by
recrystallization from iPrOH–THF to afford the product 23 as
bright white needles (3.70 g, 97%). mp 104–105 °C (from
iPrOH–THF). HRMS (ESI+): calculated for C6H14N [M]+

requires 100.1121; found: 100.1124. Elem. Anal. (%): calcu-
lated for C6H14IN requires C, 31.73; H, 6.21; I, 55.88; N, 6.17%;
found: C, 31.60; H, 6.35; I, 55.60; N, 6.10%. IR, νmax (ATIR)/
cm−1: 3009 (w,vC–H), 2944 (w, C–H), 1639 (w, CvC), 1473 (s,
C–H), 1405 (m,vC–H), 1369 (w, C–H), 1126 (w, C–N), 1008
(m,vC–H), 956 and 890 (s,vC–H). 1H NMR (500 MHz,
CD3OD): δH 5.75 (1H, ddt, J = 17.1, 9.8, 7.6 Hz, –CHv), 5.38
(1H, d, J = 16.7 Hz,vCH2), 5.34 (1H, d, J = 10.1 Hz,vCH2), 3.71
(2H, d, J = 7.2 Hz, NCH2), 2.80 (9H, s, 3 × NCH3).

13C NMR
(100 MHz, CD3OD): δC 129.8 (vCH2), 126.7 (–CHv), 69.44
(NCH2), 53.59 (NCH3). MS (ESI+), m/z (rel. intensity %): 100
(M+, 20%).

1-METHYL-4-METHYLENEPIPERIDINE (6). The product 6 was pre-
pared according to the literature procedure21 with the follow-
ing modifications: sodium hydride (0.78 g, 19.44 mmol, 60 wt
% in mineral oil) was suspended in dry dimethylsulfoxide
(20 cm3) and was stirred for 45 minutes at an elevated temp-
erature of 75 °C, under an atmosphere of dry nitrogen. The
solution was cooled to 0 °C. Into this mixture a solution of
methyltriphenylphosphonium bromide (6.95 g, 19.44 mmol)
in dry dimethylsulfoxide (14 cm3) was injected, and the system
was stirred for 10 minutes at room temperature. 1-Methyl-
piperidin-4-one 24 (2.04 cm3, 2.00 g, 17.67 mmol) was then
added and the mixture was stirred for 30 minutes at room
temperature. The reaction mixture was distilled at
75 °C/100 mbar to afford the product 6 as a colourless oil
(1.73 g, 88%). Rf = 0.59 (10 : 3, CHCl3–MeOH, stain: ninhydrin).
HRMS (ESI+): calculated for C7H14N [M + H]+ requires
112.1121; found: 112.1111. IR, νmax (ATIR)/cm

−1: 3079 (w,vC–
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H), 2939 and 2848 (m, C–H), 2781 (m, N–CH2), 1653 (m,
CvC), 1436, 1371, 1282, 1268 and 1222 (m, C–H), 1135 (m, C–
N), 1014 and 887 (s,vC–H). 1H NMR (400 MHz, CDCl3): δH
4.58 (2H, t, 4JH–H = 1.0 Hz,vCH2), 2.32 (4H, t, J = 6.3 Hz, 2 ×
CH2N), 2.19 (3H, s, NCH3), 2.17 (4H, t, J = 5.5 Hz, 2 × vCCH2).
13C NMR (100 MHz, CDCl3): δC 145.6 (>Cv), 107.9 (vCH2),
57.01 (CH2N), 46.04 (NCH3), 34.49 (vCCH2). MS (ESI+), m/z
(rel. intensity %): 112 (M + H+, 100%).

METHYL [(1-METHYLPIPERIDIN-4-YL)METHYL](HEXADECYL)PHOSPHINATE

(26A). 1-Methyl-4-methylene-piperidine 6 (0.37 g, 3.29 mmol)
and 2,2′-azobis(isobutyronitrile) (AIBN) (0.30 g, 1.82 mmol)
were added into a stirred solution of methyl hexadecylphosphi-
nate 5 (1.00 g, 3.29 mmol) in methanol (20 cm3), and the
mixture was refluxed for three days, under a dry nitrogen
atmosphere. During this time another two portions of AIBN
(2 × 0.30 g, 3.65 mmol) were added into the reaction mixture,
with a 24 hours time difference between each portion. The
cooled mixture was then concentrated under reduced pressure
to give an orange-yellow solid which was purified by column
chromatography on silica gel (8 : 1 : 0.05, CHCl3–MeOH–conc.
NH4OH, stain: ninhydrin) to afford the product 26a as a col-
ourless oil (1.00 g, 73%). Rf = 0.28 (8 : 1 : 0.05, CHCl3–MeOH–

conc. NH4OH, stain: ninhydrin). HRMS (ESI+): calculated for
C24H51O2NP [M + H]+ requires 416.3652; found: 416.3649. IR,
νmax (NaCl, evap. film)/cm−1: 2925 and 2853 (s, C–H), 2780 (m,
N–CH2), 1463 (m, C–H), 1279 (w, C–H), 1207 (m, P–OC), 1194
(m, PvO), 1142 (w, C–N), 1039 (m, P–O–C), 822 and 804 (w, P–
O–C), 719 (w, CH2).

1H NMR (400 MHz, CDCl3): δH 3.62 (3H, d,
3JP–H = 10.4 Hz, POCH3), 2.84 (2H, apparent d, J = 11.1 Hz, 2 ×
CHN), 2.25 (3H, s, NCH3), 1.99 (2H, apparent dd, J = 11.7, 1.6
Hz, 2 × CHN), 1.86–1.78 (2H, m), 1.67–1.55 (5H, m), 1.50–1.39
(4H, m), 1.34–1.25 (2H, m), 1.19 (24H, br s, 12 × CH2), 0.81
(3H, t, J = 7.1 Hz, CH3).

13C NMR (100 MHz, CDCl3): δC 54.43
(CH2N), 49.70 (d, 2JC–P = 6.6 Hz, POCH3), 44.98 (NCH3), 33.01
(d, 1JC–P = 89.5 Hz, PCH2), 32.38, 30.93, 29.90 (d, 3JC–P = 15.4
Hz), 28.69, 28.67, 28.63, 28.59, 28.38, 28.36, 28.18, 28.12,
27.30, 21.69, 21.11, 13.13 (CH3).

31P NMR (162 MHz, CDCl3): δP
58.02 (CH2PCH2). MS (ESI+), m/z (rel. intensity %): 416 (M +
H+, 10%).

ETHYL (1-METHYLPIPERIDIN-4-YL)METHYL(HEXADECYL)PHOSPHINATE

(26B). The product 26b was prepared according to the pro-
cedure described above for 26a, with the following modifi-
cations: methyl hexadecylphosphinate 5 (0.20 g, 0.66 mmol),
1-methyl-4-methylene-piperidine 6 (73.00 mg, 0.66 mmol) and
2,2′-azobis(isobutyronitrile) (AIBN) (total of all portions: 0.16 g,
0.99 mmol) in ethanol (5 cm3) were used. The crude residue
obtained was purified by column chromatography on silica gel
(8 : 1 : 0.05, CHCl3–MeOH–conc. NH4OH, stain: ninhydrin) to
afford the product 26b as a colourless oil (0.21 g, 75%). Rf =
0.28 (8 : 1 : 0.05, CHCl3–MeOH–conc. NH4OH, stain: ninhy-
drin). HRMS (ESI+): calculated for C25H53O2NP [M + H]+

requires 430.3808; found: 430.3806. IR, νmax (NaCl, evap. film)/
cm−1: 2927 and 2852 (m, C–H), 2782 (w, N–CH2), 1465, 1460
and 1277 (w, C–H), 1218 (w, P–OC), 1193 (m, PvO), 1143 (w,
C–N), 1040 (m, P–O–C), 823 (w, P–O–C), 718 (w, CH2).

1H NMR
(400 MHz, CDCl3): δH 4.02–3.92 (2H, m, POCH2), 2.75 (2H, d,

J = 11.4 Hz, 2 × CHN), 2.18 (3H, s, NCH3), 1.89 (2H, dd, J =
11.8, 1.8 Hz, 2 × CHN), 1.83–1.77 (2H, m), 1.69–1.55 (5H, m),
1.53–1.42 (2H, m), 1.37–1.28 (4H, m), 1.24 (3H, t, J = 7.1 Hz,
POCH2CH3), 1.19 (24H, br s, 12 × CH2), 0.81 (3H, t, J = 6.9 Hz,
CH3).

13C NMR (100 MHz, CDCl3): δC 59.83 (d, 2JC–P = 6.5 Hz,
POCH2), 55.62 (CH2N), 46.36 (NCH3), 34.62 (d, 1JC–P = 89.4 Hz,
PCH2), 33.89, 31.92, 30.90 (d, 3JC–P = 15.3 Hz), 29.79 (d, 2JC–P =
3.6 Hz), 29.69, 29.66, 29.65, 29.63, 29.58, 29.38, 29.36, 29.12,
28.80, 22.69, 22.12 (d, 2JC–P = 3.6 Hz), 16.71 (d, 3JC–P = 5.8 Hz,
POCH2CH3), 14.13 (CH3).

31P NMR (162 MHz, CDCl3): δP 56.58
(CH2PCH2). MS (ESI+), m/z (rel. intensity %): 430 (M + H+,
100%), 452 (M + Na+, 95%).

4-[(HEXADECYL(METHOXY)PHOSPHORYL)METHYL]-1,1-DIMETHYLPIPERIDINIUM

IODIDE (28). Methyl iodide (0.54 cm3, 1.23 g, 8.66 mmol) and
anhydrous potassium carbonate (0.40 g, 2.89 mmol) were
added into a stirred solution of methyl (1-methylpiperidin-4-
yl)methyl(hexadecyl)phosphinate 26a (0.12 g, 0.29 mmol), in
methanol–chloroform (2 : 1, 10 cm3). The mixture was refluxed
under a dry nitrogen atmosphere and monitored by means of
thin-layer chromatography (10 : 2 : 0.2, CHCl3–MeOH–conc.
NH4OH, stain: ninhydrin) and 1H NMR spectroscopy. After one
day of refluxing the reaction mixture cooled to room tempera-
ture and the solvent evaporated under reduced pressure. The
residue was then re-dissolved in chloroform and filtered. The
filtrate was concentrated under reduced pressure to give a
yellow solid which was purified by recrystallization from tetra-
hydrofuran–ethyl acetate to afford the product 28 as a bright
white powder (0.15 g, 95%). mp 233–234 °C (dec.) (from THF–
EtOAc). Rf = 0.32 (6.5 : 2.5 : 0.3, CHCl3–MeOH–conc. NH4OH,
stain: ninhydrin). HRMS (ESI+): calculated for C25H53O2NP
[M]+ requires 430.3808; found: 430.3827. IR, νmax (NaCl, evap.
film)/cm−1: 2916, 2852 and 1468 (m, C–H), 1409 (w, +NMe2),
1304 (w, C–H), 1207 (m, P–OC), 1191 (m, PvO), 1040 (m, P–O–
C), 954 (w, +NMe2), 823 and 814 (w, P–O–C), 718 (w, CH2).

1H
NMR (400 MHz, CDCl3): δH 3.76 (2H, d, J = 12.6 Hz, 2 × CHN),
3.64 (3H, d, 3JP–H = 10.6 Hz, POCH3), 3.60 (2H, dd, J = 12.4, 2.5
Hz, 2 × CHN), 3.49 (3H, s, NCH3), 3.37 (3H, s, NCH3), 2.30–2.15
(1H, m), 2.12–2.06 (2H, m), 1.98–1.87 (2H, m), 1.85–1.75 (2H,
m), 1.71–1.61 (2H, m), 1.54–1.42 (2H, m), 1.37–1.27 (2H, m),
1.19 (24H, br s, 12 × CH2), 0.81 (3H, t, J = 7.0 Hz, CH3).

13C
NMR (100 MHz, CDCl3): δC 61.56 (CH2N), 55.23 (NCH3), 50.20
(d, 2JC–P = 6.6 Hz, POCH3), 47.57 (NCH3), 31.41 (d, 1JC–P = 90.2
Hz, PCH2), 30.93, 29.87 (d, 3JC–P = 14.7 Hz), 28.71, 28.70, 28.67,
28.62, 28.44, 28.37, 28.19, 27.78 (d, 1JC–P = 88.8 Hz, PCH2),
26.63 (d, 2JC–P = 4.4 Hz), 26.48, 26.39, 26.33, 26.25, 21.70, 21.08
(d, 2JC–P = 4.4 Hz), 13.15 (CH3).

31P NMR (162 MHz, CDCl3): δP
57.05 (CH2PCH2). MS (ESI+), m/z (rel. intensity %): 430 (M+,
100%).

[(1,1-DIMETHYLPIPERIDINIUM-4-YL)METHYL](HEXADECYL)PHOSPHINATE; INNER
SALT (4). Trimethylsilyl iodide (TMSI) (0.037 cm3, 51.30 mg,
0.26 mmol) was injected into a stirred solution of 4-[(hexadecyl-
(methoxy)phosphoryl)methyl]-1,1-dimethylpiperidinium iodide
28 (28.60 mg, 51.30 μmol) in dry dichloromethane (5 cm3) at
room temperature, under a dry nitrogen atmosphere. The
mixture was stirred overnight at room temperature, methanol
(3 cm3) was then injected and the solution was stirred for an
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additional 30 minutes. Removal of the solvent under reduced
pressure gave dark orange solid which was purified by recrys-
tallization from tetrahydrofuran to afford the product 4 as a
bright white powder (19.50 mg, 93%). mp 213–214 °C (from
THF). HRMS (ESI+): calculated for C24H51O2NP [M + H]+

requires 416.3652; found: 416.3664. IR, νmax (NaCl, evap. film)/
cm−1: 2916 and 2852 (m, C–H), 1465 (w, C–H), 1406 (w,
+NMe2), 1301 and 1212 (w, C–H), 1161 (w, PvO), 1134 (w,
C–N), 1035 (w, P–O), 954 (w, +NMe2), 720 (w, CH2).

1H NMR
(400 MHz, CD3OD): δH 3.39 (2H, d, J = 12.6 Hz, 2 × CHN), 3.29
(2H, dd, J = 12.7, 2.5 Hz, 2 × CHN), 3.07 (3H, s, NCH3), 3.03
(3H, s, NCH3), 2.00–1.97 (3H, m), 1.80–1.69 (4H, m), 1.67–1.59
(2H, m), 1.55–1.44 (2H, m), 1.33 (2H, quin., J = 6.5 Hz,
CH2CH2CH2P), 1.19 (24H, br s, 12 × CH2), 0.81 (3H, t, J =
7.0 Hz, CH3).

13C NMR (100 MHz, 328.1 K, CD3OD): δC 63.69
(CH2N), 56.79 (NCH3), 48.81 (NCH3), 35.00 (d, 1JC–P = 89.5 Hz,
PCH2), 33.02, 31.96 (d, 3JC–P = 14.7 Hz), 30.74, 30.70, 30.54,
30.39, 30.29, 29.12, 28.80, 28.71, 23.67, 22.96 (d, 2JC–P =
3.7 Hz), 14.41 (CH3).

31P NMR (162 MHz, CD3OD): δP 52.85
(CH2PCH2). MS (ESI+), m/z (rel. intensity %): 416 (M + H+,
100%), 438 (M + Na+, 90%).

4-((HEXADECYL(HYDROXY)PHOSPHORYL)METHYL)-1,1-DIMETHYLPIPERIDINIUM

CHLORIDE (HYDROCHLORIDE SALT OF 4). Into the NMR tube containing
(1,1-dimethylpiperidinium-4-yl)methyl(hexadecyl)phosphinate;
inner salt 4 in CD3OD, one drop of concentrated hydrochloric
acid was added. After 31P NMR study the product (hydrochlo-
ride salt of 4) was converted back to the inner salt 4 by co-evap-
oration with methanol followed by evaporation of final solvent
traces under high vacuum. 31P NMR (162 MHz, CD3OD): δP
58.06 (POH).
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